The impacts of climate change on water resources of Nepal with reference to snow and glacier were assessed. Empirical glacier mass model was applied to all the glaciers upstream of the Kyangjing hydrological station in the Langtang Valley in the Nepal Himalayas in order to assess their sensitivity to the increases in temperature. The analysis has revealed that the glaciers in the study area of the Nepal Himalayas are shrinking rapidly and may disappear within less than two centuries, if the current glacier melting rate continues. Most of the glaciers will disappear within 3-4 decades; there may be only 24% of the present glacier-ice reserve left in the study basin of the Nepal Himalayas by 2100 AD even without any further warming which may result in serious adverse impacts on the water resources of Nepal.
BACKGROUND
Nepal is rich in water resources. There are more than 6000 rivers flowing from the Himalayan Mountains to the hills and plains. Most of these rivers are glacier-fed and provide sustained flows during dry seasons to fulfil the water requirements of downstream. Accelerated melting of glaciers during the last half century has caused creation of many new glacier lakes and expansion of existing ones in the Nepal Himalayas (Mool et al., 2001 ). There have been more than 13 reported cases of glacier lake outburst flood events in the Nepal Himalayas since 1964 causing substantial damage to people's lives, livestock, land, environment and infrastructure (ibid). Accelerated retreat of glaciers with increased intensity of monsoon precipitation observed during recent years has most probably contributed to increased frequency of such floods. The major rivers of Nepal are fed by melt-water from over three thousand glaciers scattered throughout the Nepal Himalayas. These rivers feed irrigation systems, agro-processing mills and hydroelectric plants and supply drinking water for villages for thousands of kilometres downstream. Climate change will contribute to increased variability of river runoff due to changes in timing and intensity of precipitation as well as melting of glaciers (Agrawala et al., 2003) . Runoff will initially increase as glaciers melt, then decrease later as the glaciers disappear (ibid).
Climate change may alter rainfall and snowfall patterns. The incidence of extreme weather events such as droughts, storms, floods and avalanches is expected to increase. This can lead to loss of lives and severely reduce agricultural production. Traditional wisdom and knowledge to cope with such natural hazards that once ensured food security may no longer prove effective. Climateinduced natural hazards have very serious human implications because they affect the livelihood security of the majority of the population. About 29% of the total annual deaths of people and 43% of the total loss of properties from all different disasters in Nepal are caused by water-induced disasters like floods, landslides and avalanches (Khanal, 2005) .
Higher temperatures will increase the ratio of rain to snow; accelerate the rate of snow-and glaciermelt; and shorten the overall snowfall season. Since the end of the Little Ice Age, the temperatures have been generally increasing and the majority of the world's glaciers are retreating (IPCC, 2001) . Increasing temperature shifts the permanent snowline upward. This could cause a significant reduction of water storage in the mountains, which is likely to pose serious problems of water availability to many people living downstream.
The Himalayan glaciers are melting faster in recent years than before (IPCC, 2007) . The Himalayan Rivers are expected to be very vulnerable to climate change because snow and glacier melt-water make a substantial contribution to their runoff. However, the degree of sensitivity may vary among the river systems. The magnitudes of snowmelt floods are determined by the volume of snow, the rate at which the snow melts and the amount of rain that falls during the melt period (IPCC, 1996) . Because the melting season in the Himalayas coincides with the summer monsoon season, any intensification of monsoon or accelerated melting would contribute to increased summer runoff that ultimately would result in increased risk of flood disasters (IPCC, 2001 ).
Stream-flow in most of the rivers in Nepal is at a minimum in early spring because flows recede rapidly after the summer rains. This period of minimum flow is problematic for the run-of-river hydroelectric facilities (Kattelmann, 1993) . Snowfed rivers provide sustained flow even during this critical period through the melt-water contribution. Agarawala et al. (2003) have also reported that a possible decrease in river runoff, as indicated by most projections, would reduce not only the electricity generation of existing plants but also the total hydropower potential of Nepal. In addition, there might be significant declines in the dry season flows and an increasing trend in the number of flooding days because of climate change, which is critical for hydropower generation (Agrawala et al., 2003) . The flows of glacier-fed rivers first increase due to warming, as more water is released by the melting of snow and glaciers. As the glaciers get smaller and the volume of melt-water reduces, the dry season flows will no longer be supported by melt-water and eventually will decline (Shrestha, 2005) . Therefore, the reduced dry season flow caused by a temperature rise could result in reduced hydropower potential.
Climate change will lead to increased climatic variability, which would lead to increased frequency and magnitude of weather-related extreme events (Becker and Bugmann, 1997 ). An extreme climatic event will result in higher losses of life in a developing country than in a developed country because of a different adaptive capacity (IPCC, 2001 ). An extreme climatic event combined with the socio-political characteristics of the region can become a social catastrophe in the developing countries (ibid). In Nepal, the normal daily life of a large section of the population is already not so different from the living conditions of those hit by a disaster (Dixit, 2003) . Climate change brings additional threats to the livelihoods of these people (McGuigan et al, 2002) .
STUDY AREA
The Langtang Khola Basin upstream of the hydrological station of Kyangjing with a basin area of 340 square kilometres with 24 glaciers within it in the central Nepal was taken as study site in order to quantify the sensitivities of glaciers to temperature rise.
METHODOLOGY
An empirical glacier mass balance model originally developed by Y. Ageta in 1983 using the observational data in 1978 and 1979 to calculate the mass balance of Glacier AX010 in the Nepal Himalayas was used to assess the sensitivity of the glaciers in the study basin. The information on glaciers including their area, position and ice reserve was taken from the inventory published by the International Centre for Integrated Mountain Development (Mool et al., 2001) . Topographic maps published by the Department of Survey of the study area were also used to identify the glaciers within the basin area. The hydrological and meteorological observation data for the period of 1988-2000 collected at Langtang (Kyangjing) by the Department of Hydrology and Meteorology of Nepal were also used.
The accumulation and ablation of the glaciers within the Langtang valley were calculated for each month and for every 100 m altitude level from 3900 to 7218 masl. Seko (1987) has suggested that precipitation in Langtang area increases with altitudes and that precipitation above 5000 masl is 1.3 times more than that in Kyangjing. However, due to lack of other studies to support this and also for the sake of simplicity, the precipitation for the whole study basin was assumed to be uniform over the whole study basin as recorded by the meteorological station at Langtang (Kyangjing) located at 3920 masl. As far as temperature data were concerned, the adiabatic lapse rate (i.e. the rate of temperature change with altitude) was taken as -0.6ºC per 100 m of altitude. The lapse rate was assumed to be the same for all altitude levels and for all months. The total accumulation, ablation and glacier mass balance for each 100 m altitude level were calculated by summing up all monthly values. The specific glacier mass balance was calculated by summing up of that of all elevation zones from 3800 m above sea level to 7200 m above sea level and divided by the total glacier area. The relationship between the temperature, precipitation and glacier mass balance is defined by the following equations Kadota, 1992, Naito et al., 2000; Naito et al., 2001) : A projected time series of average annual ice reserve in any particular glacier was developed. Any glacier was considered as disappeared, when IRn+1< 0, i.e. when there was no more ice-reserve left in the glacier. Similarly, sensitivity analyses of glacier ice reserve, glacier number and glacier areas to warming were carried out for different rates of temperature rise from 0.03ºC/yr to +0.15ºC/yr.
FINDINGS AND DISCUSSION

GENERAL FINDINGS
The highest and lowest points within the study basin were at 7232 and 3800 metres above sea level (masl) respectively. The glaciers were distributed from the lowest point of 4130 masl to the highest point of 7218 masl. The smallest glacier was 0.01 km 2 whereas the largest one was 67.93 km 2 . The thickness of the glaciers also varied from 2.1 m to 177.3 m. Out of the 24 glaciers, the largest one alone had an ice reserve of 12.04 km 3 (i.e. 63% of the total ice reserve in the basin), and the second and the third largest ones had ice reserves of 3.32 km 3 and 1.84 km 3 respectively. The remaining 21 glaciers had altogether only 10% of the whole ice reserve in the basin indicating that the majority of the glaciers were very small. The accumulation and ablation largely varied with altitudes. The lower altitudes were dominated by ablation whereas the upper ones by accumulation (see Figure 1) . The equilibrium line altitude, the altitude at which the accumulation and ablation of the glacier is equal, was found at 5367 masl.
The total volume of the glacier mass balance over the whole glaciers was obtained by summing up all glacier mass balances at each altitude level. The total glacier mass balance in terms of volume of water equivalent (w.e.) was further divided by the glacier area in order to get a specific mass balance The calculated monthly specific mass balance of the glaciers shows that there was a substantial negative glacier mass balance during the study period of 1988-2000 in the study area. There was a wide variation of glacier mass balance among the months (see Figure 2) . The summer months (June-September) had substantial glacier ablation despite some accumulation. 
4.2SENSITIVITY ANALYSIS OF GLACIER MASS BALANCE TO TEMPERATURE RISE
As the precipitation data during the past did not show any significant trends, a sensitivity analysis of glacier mass balance and glacier-contributed runoff was carried out only for the temperature change scenarios from T+1 to T+5 (i.e. temperature rise from 1ºC to 5ºC). Then, the calculated values were compared with the T0-scenario (no temperature change). The equilibrium line altitude (ELA) would move upward to 6142 masl with a temperature rise of 5ºC (i.e. at T+5-scenario), from the present ELA at 5367 masl (see Figure 3) .
A temperature increase will not only impact the annual glacier mass balance, but will also change the precipitation pattern. Even without any change in total annual precipitation, more precipitation will occur in a liquid form (i.e. rainfall) instead of a solid form (i.e. snowfall) with warmer temperatures. Rainfall, unlike snowfall, will not be stored, but will immediately be drained out from the basin resulting in more floods downstream during the monsoon. The impact of a temperature rise could easily be visible in the sensitivity analysis through snow-to-rain ratio, glacier mass balance rate or life of glacier ice reserve. For example, the snow-to-rain ratio would decrease from 1.6 to 0.5, the life of ice reserves would decrease from 110 to 25 years and the glacier mass balance would decrease from -1.114 to -4.850 m.w.e.yr -1 with a warming of 4ºC. Likewise, the analysis has shown that even without any changes in the precipitation amount, a warming of 5ºC would cause a decrease in snowfall of 55.6% and an increase in rainfall of 89.2% simultaneously (see Table 1 ). A further calculation was done in order to quantify a glacier mass balance rate for a particular rate of temperature increase instead of the total amount of warming. The regression analysis between an increase in temperature and a glacier mass balance revealed the empirical relation given in Equation 12 (p<0.001; R Table 2 ). The mass balance rates were calculated using the output values from Table 1 for different scenarios of temperature rise and then converted to the rate of warming using the Equation 12. For example, the negative glacier mass balance rate for the T0-scenario was taken as the same as the average calculated value for the period of 1988-2000. The negative glacier mass balance rates for the warming rates of 0.03ºC yr BTx,n = BT0,n + DBx,n (13) where, BTx,n = glacier mass balance rate for n-decade with a warming rate of x (Here, x = 0, 0.03, 0.06, 0.09, 0.12 , 0.15 ºC/yr; n=0, 1, 2, …, 20) , BT0,n = glacier mass balance rate for n-decade without a further warming DBx,n = change in glacier mass balance rate for ndecade with a warming rate of x Then, all values of the specific glacier mass balance for every temperature rise scenario and for each decade were calculated (see Table 2 The total glacier-ice reserve in the study basin for a particular year was obtained by summing up the ice reserve of all existing glaciers for the same year (see Figure 4) . The analysis shows that the glacier-ice reserve will substantially be decreasing and the rate of reduction of glacier ice-reserve will increase with the rate of warming.
The analysis has revealed that even without any further warming, there will be only 4.7 km 3 of glacier-ice reserve left by the year 2100, which is only 24.6% of the present glacier-ice reserve of 19.1 km 3 . Likewise, there will be no glacier-ice reserve left by the year 2160, if the current rate of melting continues even without further warming (see Figure 4) . The maximum temperature in the Nepal Himalayas is increasing by at least 0.06ºC per year (Shrestha et. al, 1999) , which would further accelerate the glacier melt. If this rate of warming (i.e. an increase of mean annual temperature by 0.06ºC per year) continues, all the glaciers in the study basin will disappear by the year 2060.
CONCLUSION
Increasing temperatures would accelerate the glacier melt in the study area, which indicates possible adverse impacts on water resources of Nepal. Increasing temperature will accelerate the glacier-melt and increase the proportion of liquid precipitation, which may create favourable conditions for the formation and growth of glaciers lakes in the high mountain valleys of Nepal. Being supported by loose moraine dams, any increase in water levels in these lakes may result in the increased likelihoods of glacial lake outburst floods. Besides, increased temperatures may result in decreased seasonal storage of water from monsoon to non-monsoon seasons because a large portion of liquid precipitation (i.e. rainwater) immediately flows out from the area of its occurrence unless it is artificially stored. 
